Bipolar affective disorder (BPAD; manicdepressive illness) is characterized by episodes of mania and͞or hypomania interspersed with periods of depression. Compelling evidence supports a significant genetic component in the susceptibility to develop BPAD. To date, however, linkage studies have attempted only to identify chromosomal loci that cause or increase the risk of developing BPAD. To determine whether there could be protective alleles that prevent or reduce the risk of developing BPAD, similar to what is observed in other genetic disorders, we used mental health wellness (absence of any psychiatric disorder) as the phenotype in our genome-wide linkage scan of several large multigeneration Old Order Amish pedigrees exhibiting an extremely high incidence of BPAD. We have found strong evidence for a locus on chromosome 4p at D4S2949 (maximum GENEHUNTER-PLUS nonparametric linkage score ‫؍‬ 4.05, P ‫؍‬ 5.22 ؋ 10 ؊4 ; SIBPAL P empirical value <3 ؋ 10 ؊5 ) and suggestive evidence for a locus on chromosome 4q at D4S397 (maximum GENEHUNTER-PLUS nonparametric linkage score ‫؍‬ 3.29, P ‫؍‬ 2.57 ؋ 10 ؊3 ; SIBPAL P empirical value <1 ؋ 10 ؊3 ) that are linked to mental health wellness. These findings are consistent with the hypothesis that certain alleles could prevent or modify the clinical manifestations of BPAD and perhaps other related affective disorders.
there could be protective alleles that prevent or reduce the risk of developing BPAD, similar to what is observed in other genetic disorders, we used mental health wellness (absence of any psychiatric disorder) as the phenotype in our genome-wide linkage scan of several large multigeneration Old Order Amish pedigrees exhibiting an extremely high incidence of BPAD. We have found strong evidence for a locus on chromosome 4p at D4S2949 (maximum GENEHUNTER-PLUS nonparametric linkage score ‫؍‬ 4.05, P ‫؍‬ 5.22 ؋ 10 ؊4 ; SIBPAL P empirical value <3 ؋ 10 ؊5 ) and suggestive evidence for a locus on chromosome 4q at D4S397 (maximum GENEHUNTER-PLUS nonparametric linkage score ‫؍‬ 3.29, P ‫؍‬ 2.57 ؋ 10 ؊3 ; SIBPAL P empirical value <1 ؋ 10 ؊3 ) that are linked to mental health wellness. These findings are consistent with the hypothesis that certain alleles could prevent or modify the clinical manifestations of BPAD and perhaps other related affective disorders.
Bipolar affective disorder (BPAD) afflicts approximately 1% of the population and is associated with a high risk of suicide (1) . Twin, family, and adoption studies have provided strong evidence for an important genetic component in the susceptibility to develop BPAD (2), but unlike for other common medical illnesses, robust biological markers have not been identified for BPAD, and genetic linkage studies have had to rely on categorical diagnoses. Genetic heterogeneity, phenocopies, genotyping errors, and the complexities of performing and interpreting statistical analyses may contribute to some of the inconsistences observed in these linkage studies (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . However, because the inheritance of BPAD is probably multifactorial, the possible involvement of multiple genetic components of small effect and͞or the occurrence of major allelic effects only in epistasis must be considered. We previously have suggested (13) , that in addition to susceptibility alleles, there could be alleles that reduce the risk of developing BPAD in a manner similar to that reported for other complex genetic disorders. If model-based linkage analyses are used, a false-negative linkage finding could result when individuals inherit disease susceptibility alleles but do not manifest the phenotype because of the presence of protective alleles. The inclusion of individuals who inherit susceptibility alleles but do not manifest disease because of protective alleles, or of individuals who inherit protective alleles but nevertheless manifest the disease, also will reduce the power of model-free (allele-sharing) analyses. Thus, regardless of whether modelbased or model-free analyses are used, wellness or protective alleles could have a significant impact on linkage analyses.
Ascertainment of psychiatric disorders and health among several large multigenerational Old Order Amish pedigrees covers a period of more than 20 years. Throughout this longitudinal study, procedures for assessing and diagnosing subjects have remained constant and have included a thorough evaluation of all bipolar I (BPI) probands and their relatives (14) (15) (16) . Morbid risk analyses have demonstrated a high prevalence of affective disorder among first-degree relatives of bipolar probands in these families (17) . Because of the long-term, longitudinal nature of the study, the unaffected, mentally healthy individuals in these families also were followed, many for a period of years past the age of risk for BPAD. Consequently, rather than limit our genomewide search to identifying susceptibility loci for the disease phenotype (BPAD), we tested the hypothesis that protective alleles may contribute to the absence of psychiatric illness (i.e., mental health wellness) in unaffected family members in these high-risk pedigrees. Because the mode of inheritance of any gene(s) modifying the relative risk for affective disorder is unknown (2) we relied exclusively on model-free linkage analyses. We now report strong evidence for linkage of DNA markers on chromosome 4p to mental health wellness in relatives at high risk for, but who did not develop, major affective disorder in several large multigenerational Old Order Amish pedigrees with an extremely high incidence of BPAD.
MATERIALS AND METHODS
Diagnostic Assessment. Our genetic-epidemiologic study of BPAD among the Old Order Amish in southeastern Pennsylvania has been described in detail (18) , including the methods for ascertainment and diagnostic documentation with informed consent (15, 19) . Diagnoses were made, by using strict research diagnostic criteria (16) , by a five-member psychiatric review board whose members were blind to pedigree membership, diagnostic opinions, treatment data from abstracted medical records, and genetic marker status. Twenty-five nuclear families were developed based on one or more confirmed cases of BPI, which formed the structure of pedigrees 110, 210, and 310. Our present report uses all of these earlier subjects plus additional expansions, especially in pedigree 410, so that our overall study now contains 346 samples, including those from 50 BPI individuals. The unaffected individuals (mentally well or healthy) are those for whom all SADS-L (schedule for affective disorders and schizophrenia-lifetime version) interview responses were negative, and no contradictory reports were given by family informants. Any individuals for whom some symptomatology was identified, even if it did not meet criteria for a formal diagnosis, were labeled as unknowns in our linkage analyses.
The method used for this longitudinal study is ethnographic and culturally appropriate to the field setting. Several members of each nuclear family with a BPI proband (BPI nuclear family) are seen annually. Those diagnosed with BPI or other major affective disorder undergo a yearly course-of-illness update. Parents of each BPI patient are visited regularly and have proven to be accurate informants. At least one unaffected sibling (control sample) of the married BPI patients has been interviewed yearly since 1990 in connection with a prospective study of children at risk for BPAD. Hence, at least three members and occasionally all members of each BPI nuclear family have been evaluated yearly. Individuals are interviewed anew with the complete SADS-L schedule whenever any abnormal mental or emotional symptoms are identified by the follow-up mechanisms. The long-term, systematic follow-up of the families in our study has demonstrated that onset of illness in the Old Order Amish usually is reported by multiple informants.
Patient Samples. Blood samples were generally collected after each first-degree relative (including parents, siblings, and children older than age 15) of the BPI probands had been interviewed with the complete SADS-L schedule. Samples were obtained with written informed consent and coded to maintain confidentiality. Genotyping. Genomic DNA was obtained from peripheral blood samples and͞or immortalized lymphoblastoid cell lines as described (9) . The order of typed markers on our mapping panels was obtained from the genetic location database (21) .
DNA panels for PCR were in a 96-microtiter plate format, and aliquoted by using a BioMek robot (Beckman Instruments). The DNA samples were PCR-amplified separately with each of the DNA markers and then the PCR products were multiplexed, six markers per lane, for electrophoresis using GENESCAN software on ABI 373 instruments (Applied Biosystems Division, PerkinElmer). The genotypes subsequently were analyzed with GENO-TYPER. DNA from several individuals was represented multiple times in the genotyping panels as controls to evaluate the consistency of genotypes across different gels.
Genetic Analysis Software (38) was used to identify problematic marker data, and a utility written in SPSS (SPSS, Chicago) generated a list of samples that needed to be rerun because of inheritance discrepancies or unreadable signals. We maximize the useful information by repeating the genotyping͞analysis cycles until all possible DNA marker genotypes are obtained. Once genotyping for a marker was finished, the data were reanalyzed with G.A.S., and observed allelic mutations and other noninheritances were zeroed out in the data file and noted. Histograms indicating the marker allele size bins were generated. FASTLINK (22) was used to reanalyze the data before further statistical analyses.
Linkage Analyses. Model-free linkage analyses were conducted by using the two-point affected sib pair analysis program S.A.G.E. SIBPAL (23) and the multipoint analysis program GENE-HUNTER-PLUS (GH-PLUS) (24) . Because there were a few sibships with incomplete marker information, marker allele frequencies were estimated from the entire Old Order Amish family data set by using a maximum likelihood method implemented in the program MENDEL͞USERM13 (25, 26) . SIBPAL was used to identify markers showing an excess of alleles shared identical by descent (IBD) among unaffected, mentally healthy sib pairs. Under the null hypothesis of no linkage between a trait and marker, sib pairs would be expected to share on the average 50% of alleles IBD, but when a trait and marker are linked, IBD sharing will be increased in both affected and unaffected sibpairs. Because SIBPAL assumes marker allele frequencies appropriate for random samples, it underestimates the proportion of alleles shared IBD by concordant sib pairs when there is linkage. Multipoint analyses by using the model-free linkage program GH-PLUS produced nonparametric linkage (NPL) scores along points at the chromosomal region of interest. Two scoring functions are available in GH-PLUS: IBD sharing can be assessed among concordant relative pairs (NPL pairs ) or it may be assessed among larger groups of concordant relatives (NPL all ). Our analyses were conducted by using the NPL all statistics as Kruglyak and colleagues (24) have demonstrated that the NPL all statistic results in a more powerful test than the NPL pairs statistic.
RESULTS
First, we analyzed our genome-wide scan dataset looking for evidence of chromosomal loci linked to mental health wellness (the absence of any psychiatric illness). In these analyses, only mental health wellness, in individuals who were over 45 years of age and had a first-degree BPI sibling in their family (pedigrees 110, 210, 310, and 410), was the linkage phenotype of interest (concordantly unaffected pairs) by using SIBPAL. Of more than 980 DNA markers, only five markers representing three chromosome regions had test statistics that were sufficiently outlying and that were likely to represent significant linkage results. Of the markers on chromosome 4p, D4S2949, which is located in the vicinity of the BPAD susceptibility locus reported by Blackwood et al. (11) , had an empirical SIBPAL P value Ͻ3 ϫ 10 Ϫ5 (nominal P value Ͻ1 ϫ 10 Ϫ7 ). The marker D4S397 on chromosome 4q had an empirical SIBPAL P value ϭ 9 ϫ 10 Ϫ4 (nominal P value ϭ 3 ϫ 10 Ϫ7 ) On chromosome 11q, two DNA markers (D11S133 and D11S29), located over an approximately 20-cM region, each had a nominal P value Ͻ5 ϫ 10 Ϫ5 (SIBPAL; simulations were not performed). To supplement standard criteria for assessing the significance of our linkage analysis results, we used graphical techniques ( Fig. 1) and the empirical assessment of P values (27) (28) (29) . If each marker assessed in a pairwise linkage analysis is unlinked to the trait, then the P values associated with those markers should be uniformly distributed. In addition, the test statistics used to generate these P values (for instance, t tests in the case of SIBPAL) should follow an appropriate distribution. A plot (generated by using PROC CHART, SAS) of the test statistics obtained from each pairwise linkage analysis is shown in Fig. 1 . The plot in the inset depicts a line that should be linear if all markers are unlinked. As seen in Fig. 1 , there are outlying test statistic values that likely represent false null hypotheses, that is, evidence for significant linkage results. In addition, in the inset to Fig. 1 , the small upturned portion of the P value plot near values of 1 Ϫ P ϭ 1 represents departures from uniformity and hence most likely reflects false null hypotheses. Because of the effort required to investigate the significance of these findings and the previous evidence for a BPAD-related locus on chromosome 4 (11), we chose to examine DNA markers on chromosome 4 first for linkage to mental health wellness.
To evaluate the findings on chromosomes 4p and 4q in more detail, we genotyped the subpedigrees and nuclear families containing at least one sibling with BPI (Table 1) by using additional DNA markers in these interesting regions. Compared with our previous report (9) a larger number of individuals was included in these analyses (Table 1) . In this report, model-free linkage analyses using SIBPAL and GH-PLUS (24) were performed by using mental health wellness as the linkage phenotype (Tables 2 and 3 ). In our analyses, individuals having a psychiatric diagnosis other than BPI, as well as those having psychiatric symptoms but no diagnosis, were classified in the unknown category for affected status. In the Amish Study sample of BPI patients (n ϭ 50) the mean and median ages of onset (research diagnostic criteria) are 24 and 22 years, respectively. Hence, in all analyses we used a conservative age cutoff of 45 years to define family members with the unaffected wellness phenotype. We also examined the influence of different age cutoffs for defining well individuals and the contribution of different subpedigrees (families from pedigrees 110, 210, 310, and 410 versus only families from pedigree 110) on the test statistics for linkage. Well individuals younger than the specified age cutoff were considered to have an unknown affected status in the analyses.
On chromosome 4p, the maximum multipoint NPL values (GH-PLUS; including only individuals Ͼ age 45 years) were 4.05 (P ϭ 5.22 ϫ 10 Ϫ4 ) for pedigree 110 and 4.05 (P ϭ 1.84 ϫ 10 Ϫ4 ) for all pedigrees, respectively. The maximum multipoint NPL values (GH-PLUS; including individuals Ͼ age 45 years) for markers on chromosome 4q were 3.29 (P ϭ 2.57 ϫ 10
Ϫ3
) for pedigree 110 and 2.82 (P ϭ 4.43 ϫ 10 Ϫ3 ) for all pedigrees, respectively. The GH-PLUS Ϫlog 10 P value as a function of the map position at these locations on chromosome 4 is shown in Fig.  2 . SIBPAL 
Ϫ7
). The maximum multipoint NPL values (GH-PLUS; including individuals Ͼ age 45 years) for markers on chromosome 11q were 2.43 for pedigree 110 and 2.49 for all pedigrees, respectively.
To obtain empirical P-values, we simulated genotype data by randomly assigning marker alleles to the founders and then assigning alleles to their descendants following Mendelian inheritance. Allowing for consanguineous matings, the entire family structure was used in marker assignment, thus taking into account all relationships between individuals in the dataset. For each simulation, after marker assignment, the pedigrees were trimmed down to that of the nuclear families used in the linkage analysis. SIBPAL then was run on the trimmed dataset, and test statistics for concordant and discordant sib pairs were obtained. The true P value is simply estimated as the proportion of replicates in which the simulated statistic is greater than or equal to the observed statistic, i.e., the probability that the observed result or something more extreme would be obtained by chance alone. Simulations were conducted for markers on chromosomes 4p and 4q. For each marker, 100,000 replicates were obtained. The empirical P value on chromosome 4p clearly meets the proposed criteria of significance for linkage (30) .
DISCUSSION
If alleles exist that are associated with mental health wellness, then the identification of chromosome regions containing these alleles would be enhanced by studying the genetically at risk, mentally healthy members of large, multigenerational pedigrees like our Old Order Amish families. However, in trying to identify protective or wellness alleles, one must recognize that there are phenocopies that need to be considered in our analyses. Despite the extremely high risk for developing disease, some individuals are undoubtedly well because they do not inherit any (or all) of the requisite susceptibility alleles for BPAD. Because the age of greatest liability for onset of BPAD in the Old Order Amish is from early teens through 24 years of age, the misspecification of the well phenotype for individuals who eventually will develop BPAD would be greatest through this age period. In these Old Order Amish families susceptibility alleles for BPAD probably occur in very high frequency. An important step in demonstrating that there are protective alleles will be to show that there are mentally healthy individuals who share marker alleles that should increase the risk of developing BPAD, and yet, in the presence of protective alleles, these individuals do not manifest BPAD. For many of the markers, ̂, an underestimate of the proportion of alleles shared IBD in well sibpairs, increases with increasing age, i.e., a more stringent definition of the well phenotype. For example, with respect to marker D4S2949 on 4p, ̂is 0.60, 0.65 and 0.71 for age cutoff points of 25, 35, and 45 years, respectively. This finding suggests that increasing the age for inclusion eliminates some age-related well phenocopies. . The outlying test statistics and P-values (denoted by arrows) were associated with markers, D4S107 (t ϭ 6.24), D4S2949 (t ϭ 7.79), D4S2928 (t ϭ 5.03), D11S133 (t ϭ 6.09), and D11S29 (t ϭ 6.32). The category of unknowns includes individuals of unknown phenotype, individuals with psychiatric diagnoses other than BPI, and individuals who are mentally healthy but are younger than the particular age cut-off used in analyses. BPI individuals are not included in the unknown phenotype category. In pedigrees 110, 210, 310, and 410, 39 people were diagnosed with BPI, eight with BPII, 21 with recurrent depressive disorder, two with unipolar depressive disorder, and 15 with other psychiatric illness. In pedigree 110 alone, 18 people were diagnosed with BPI, two with BPII, 10 with major depressive disorder, and five with other psychiaric illness. Note: the individuals used in these linkage analyses represent only a subset of the entire Amish bipolar pedigrees because only nuclear families and subpedigrees containing a sibling with BPI were included.
It is conceivable that virtually all cases of affective disorder in these families are caused by a common set of susceptibility alleles. The wellness or protective loci that we tentatively have identified could harbor alleles that prevent the manifestation of a BPAD spectrum phenotype, which also could include major depressive disorder. In our analyses the strongest evidence for protective alleles comes from pedigree 110, suggesting that such alleles may be more likely in this branch of the family. However, highly significant test statistics and multipoint logarithm of odds scores (using GH-PLUS) also are observed when pedigrees 110, 210, 310, and 410 are used for analyses ( Fig. 2 A and B) . The decreased sharing in proportion of alleles IBD for discordant pairs provides further support for the existence of alleles associated with the absence of affective disorder (mental health wellness) in these families (data not shown). In addition, epistatic interactions between alleles also could prevent or delay onset of an illness such as major depressive disorder from developing into BPAD. Indeed, as we increase the age-of-risk cutoff for defining the well phenotype from 25 to 45 years in our linkage analyses, the number of mentally healthy members decreases as expected, yet the evidence for linkage increases (data not shown).
There is some debate on the analysis of sibling pairs as to whether the use of inbred sibling pairs results in an increased number of false-positives if allele-sharing-based statistical methods are used (31) . However, the arguments that (i) inbred sibling pairs are likely to share more genes than noninbred sibling pairs (i.e., have a kinship factor greater than 0.5) and (ii) that greater regions of the genome would show significant deviations from the expected noninbred sibling sharing value of 0.5 are incorrect when one is merely considering an analysis of sibling pairs involving only the transmission of alleles from parents to offspring. The transmission of alleles from parents to offspring will follow Mendelian ratios, and thus the null values for 0, 1, or 2 IBD sibling allele sharing in any population will be 0.25, 0.50, and 0.25, whenever only parental and sibling genotype information is used. However, if the origin of the parental alleles is taken into consideration, then there will be greater information about alleles shared by sibling pairs from inbred populations. For example, this increased information has the potential to resolve ambiguities in the sharing of alleles transmitted from homozygous parents, because the two copies of the allele in an inbred homozygous parent could be IBD. This information also could help resolve alleles shared by siblings identical in state into alleles shared IBD, showing that alleles transmitted to two offspring from different parents may be copies of the same allele because of the relatedness of the parents. If genealogy is taken into account, then the increased ability to resolve ambiguities in allele sharing would result in greater power in the analysis of inbred sibling pairs (31) .
Ultimately, if inbreeding exists in a population from which sibling pairs have been gathered, but one ignores genealogical information by merely studying the transmission of alleles from parents to offspring, then no increase in false-positive linkage results will occur, because Mendel's law applies to inbred as well as outbred parent-offspring allele transmission studies. On the contrary, a decrease in power may result from inbred sibling pair analyses because spouses may manifest greater homozygosity and therefore provide less informative genotypes for parentoffspring-based linkage studies.
Genetic mapping of complex disorders with multifactorial inheritance could be especially difficult if, in addition to susceptibility alleles, individuals inherit protective alleles that prevent or reduce the risk of manifesting the disease phenotype. Even though model-based linkage analyses that do not allow for a multifactorial component are of only limited usefulness in these circumstances, they are still used frequently. In these instances, a false-negative linkage finding (type 2 error) could result when (32) . Concordant individuals should demonstrate excess allele sharing, even with the occurrence of phenocopies, genetic heterogeneity, high frequency of susceptibility alleles, and incomplete penetrance. Individuals who inherit susceptibility alleles but do not manifest disease because of protective alleles and individuals who inherit protective alleles but nevertheless manifest the disease will reduce the power of these analyses. Thus, regardless of the type of linkage analysis performed, the presence of protective alleles could have a major impact on identifying susceptibility loci.
Although the idea that protective alleles could modify (or even prevent) a behavioral phenotype like BPAD is relatively novel, there are examples where such protective alleles can affect the expression or inheritance of other Mendelian and multifactorial disorders. The severity of sickle cell anemia is influenced by genes that increase the amount of circulating fetal hemoglobin (33) . Similarly, the genotype of the chemokine receptor CCR5 dramatically influences the kinetics of HIV-1 infection, where most individuals who are homozygous for a 32-bp deletion in the CCR5 gene encoding the coreceptor for macrophage-tropic HIV-1 are protected from virus infection (34) . In Alzheimer's disease, apolipoprotein (Apo) E2, in contrast to ApoE4, appears to reduce the risk of developing the disease and may protect individuals who inherit a disease-associated ApoE4 allele (35) . In an extended Italian family, Apo A-I MILANO protects against the development of both clinical and pathologic signs of atherosclerosis, despite significantly elevated plasma triglycerides and a markedly decreased level of high density lipoprotein-cholesterol (36) . In the nonobese diabetic mouse model of human autoimmune insulin-dependent diabetes mellitus, partial protection from disease is provided by resistance alleles occurring singly at either the Idd3 or Idd10 non-major histocompatibility complex loci, whereas epistatic interaction between resistance alleles at these two loci produces nearly complete protection from diabetes (37) .
There are several mechanisms by which wellness or protective alleles could affect the clinical manifestations of BPAD in the Old Order Amish. One possibility is that dominant acting protective alleles, either singly or acting together in epistasis, could prevent or modify the BPAD phenotype. The variable penetrance of illness or its heterogeneous clinical manifestations could result from resistance or protective alleles that alone provide only partial protection, while together with other genes produce epistatic interactions, resulting in a greater degree of modification of the phenotype. Alternatively, there also could be cellular target molecules, e.g., mood effectors, having forms that are either resistant or susceptible to the genetic and͞or environmental susceptibility factors for BPAD. Individuals having resistant mood effectors would be protected from the effects of susceptibility alleles and͞or environmental factors that result in the BPAD phenotype. In contrast, individuals with sensitive forms of these mood effectors would be vulnerable to developing the BPI phenotype when requisite BPAD susceptibility alleles and͞or environmental factors are present. If epistatic interactions are required for manifestation of the effects of either susceptibility or protective alleles, the existence of resistant and sensitive forms of cellular effectors or protective alleles would be most apparent in families (or populations) where there is a high density of affected individuals such as the Old Order Amish in the present study. Regardless of the mechanism, the presence of wellness or protective alleles would have a significant impact on linkage analyses as evidenced by preventing the appearance of the BPAD phenotype (or its presentation as a forme fruste) in individuals who are otherwise genetically predisposed to developing illness.
Thus, we suggest that the identification of chromosomal loci harboring genes that contribute to the clinical manifestations of BPAD will likely require a multilocus approach that considers both additive and subtractive influences of alleles on the BPAD phenotype. The involvement of protective or wellness alleles in determining the manifestation of the BPAD phenotype would provide an attractive, testable explanation for at least some of the difficulty encountered in searches for BPAD susceptibility alleles. The test statistics from our analyses for alleles linked to the absence of psychiatric illness in the Old Order Amish are at least as significant as those reported for any susceptibility locus, and further investigations into the significance of these findings in the inheritance of BPAD are warranted. The identification and characterization of protective alleles and their gene products could lead to the development of a more rational and direct approach to effective therapy for affective disorders.
